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TRANSLATION/ROTATION ERROR
COMPENSATION AMOUNT CREATING
DEVICE

RELATED APPLICATIONS

The present application is based on Japanese Application
Number 2012-220675, filed Oct. 1, 2012, the disclosure of
which is hereby incorporated by reference herein in its
entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a device that creates a
translation error compensation amount and a rotation error
compensation amount both depending on a rotation axis,
based on a preset assembly error and a rotation axis position
in order to compensate an assembly error in a multi-axis
machining apparatus having at least two rotation axes.

Now, the translation error compensation amount and
rotation error compensation amount depending on the rota-
tion axis will be described.

In “JIS B6190-7 FIG. 1 b) Error motion of rotation axis”
of Japanese Industrial Standard, errors depending on a C
shaft are represented as:

“EXC: radial motion in an X direction”,

“EYC: radial motion in a Y direction”,

“EZC: axial motion”,

“BEAC: tilting motion around an X shaft”,

“EBC: tilting motion around an Y shaft”, and

“ECC: angular positioning error”.

According to the present invention, of the errors depend-
ing on a C shaft, “EXC: radial motion in the X direction”,
“EYC: radial motion in the Y direction”, and “EZC: axial
motion” are referred to as translation errors (specifically,
translation errors depending on the C shaft). “EAC: tilting
motion around the X shaft”, “EBC: tilting motion around the
Y shaft”, and “ECC: angular positioning error” are referred
to as rotation errors (specifically, rotation errors depending
on the C axis).

For another rotation axis, for example, an A axis, the
following are present: “EXA: axial motion”, “EYA: radial
motion in the Y direction”, “EZA: radial motion in a Z
direction axial motion”, “EAA: angular positioning error”,
“EBA.: tilting motion around the Y shaft”, and “ECA: tilting
motion around a Z shaft”.

Thus, the translation errors and the rotation errors varying
depending on the positions of the rotation axes are herein-
after referred to as translation errors and rotation errors
depending on the rotation axes, and compensation amounts
by which those errors are compensated are hereinafter
referred to as translation error compensation amounts and
rotation error compensation amounts depending on the rota-
tion axes.

2. Description of the Related Art

Japanese Patent Application Laid-open No. 2004-272887
(JP 2004-272887 A) discloses a technique for compensating
an assembly error in a rotation axis in a multi-axis machin-
ing apparatus having rotation axes. The technique uses many
matrix operations using triangular functions. Thus, the tech-
nique can be partly carried out in practice, but a numerical
controller that needs to perform high-speed control takes a
long time for arithmetic operations, and the technique is thus
difficult to carry out in practice. Moreover, the technique
disadvantageously fails to take into account an assembly
error in a table surface, that is, an error between a table
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2

surface centerline and a table rotation axis rotation center-
line, more specifically, an error in which the table surface
fails to be perpendicular to the table rotation axis (C axis
described below) rotation centerline and in which the table
surface centerline deviates from the table rotation axis (C
axis) rotation centerline.

On the other hand, Japanese Patent Application Laid-open
No. 2009-151756 (JP 2009-151756 A) discloses a technique
for compensating an error based on a translation error
compensation amount and a rotation error compensation
amount both depending on rotation axes. The technique
performs matrix operations but does not take such a long
time as needed for the technique described in JP 2004-
272887 A. Thus, the technique disclosed in JP 2009-151756
A allows a numerical controller to perform compensation in
practice. However, to determine the compensation amount,
the technique divides a two-dimensional coordinate system
for two rotation axes into pieces like a grid, sets a translation
error compensation amount and a rotation error compensa-
tion amount at each of the resultant grid points, and calcu-
lates a compensation amount for the position of the rotation
axis based on compensation amounts for grid points enclos-
ing the position of the rotation axis. That is, the technique is
not a method for obtaining the compensation amount from
the assembly error. Thus, when an attempt is made to
compensate the assembly error by the technique disclosed in
JP2009-151756 A, the assembly error needs to be converted
into a translation error compensation amount and a rotation
error compensation amount both depending on the rotation
axes and to set the translation error compensation amount
and the rotation error compensation amount. However, JP
2009-151756 A fails to disclose such a conversion tech-
nique.

Furthermore, Journal of Technical Disclosure No. 2009-
505137 discloses a technique for creating the compensation
amount disclosed in JP 2009-151756 A from the assembly
error in a multi-axis machining apparatus (table rotating
multi-axis machining apparatus) having two rotation axes
for rotation of a table which is disclosed in JP 2004-272887
A. The technique fails to take an assembly error in the table
surface into account. Journal of Technical Disclosure No.
2009-505137 describes a technique for creating a compen-
sation amount from an assembly error in a rotation axis in a
table rotating 5-axis machining apparatus and further states
that the technique can be applied to a head rotating 5-axis
machining apparatus (see FIG. 10) in which a head rotates
based on two rotation axes and a mixed 5-axis machining
apparatus (see FIG. 14) in which both a head and a table
rotate.

However, the inventors have found that it is insufficient to
apply the technique disclosed in Journal of Technical Dis-
closure No. 2009-505137 directly to the tool head rotating
S-axis machining apparatus or the mixed 5-axis machining
apparatus. The reason is as follows.

In terms of an error in a member installed on a rotor, the
assembly error in the tool head rotating multi-axis machin-
ing apparatus corresponding to the assembly error in the
table surface in the table rotating multi-axis machining
apparatus is an assembly error in a spindle turning center-
line, that is, an error in which the spindle turning centerline
fails to be orthogonal to the rotational centerline of a tool
head tilting axis (an A axis described below). JP 2004-
272887 A takes the assembly error in the spindle turning
centerline into account while Journal of Technical Disclo-
sure No. 2009-505137 does not take into account the assem-
bly error in the table surface in the table rotating multi-axis
machining apparatus as described above. Thus, even when
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the technique disclosed in Journal of Technical Disclosure
No. 2009-505137 is applied to the tool head rotating multi-
axis machining apparatus disclosed in JP 2004-272887 A,
the assembly error in the spindle turning centerline fails to
be compensated. This also applies to the mixed multi-axis
machining apparatus.

SUMMARY OF THE INVENTION

Thus, an object of the present invention is to provide a
translation/rotation error compensation amount creating
device for a numerical controller controlling a multi-axis
machining apparatus having at least two rotation axes by:

converting an assembly error including an assembly error
in a table surface in a table rotating multi-axis machining
apparatus having a rotary table into a translation error
compensation amount and a rotation error compensation
amount both depending on the rotation axes;

converting an assembly error including an assembly error
in a spindle turning centerline in a tool head rotating
multi-axis machining apparatus into a translation error com-
pensation amount and a rotation error compensation amount
both depending on the rotation axes; or

converting an assembly error including an assembly error
in a table surface and an assembly error in a spindle turning
centerline in a mixed multi-axis machining apparatus into a
translation error compensation amount and a rotation error
compensation amount both depending on the rotation axes,

wherein the translation/rotation error compensation
amount creating device enables the numerical controller to
compensate the assembly error in the table surface or the
assembly error in the spindle turning centerline in practice in
a shorter time.

Atranslation/rotation error compensation amount creating
device according to the present invention creates, for a
multi-axis machining apparatus having at least two rotation
axes, a translation error compensation amount and a rotation
error compensation amount both depending on the rotation
axes. The translation/rotation error compensation amount
creating device includes an assembly error setting section
that presets an assembly error including at least an assembly
error in a table surface or an assembly error in a spindle
turning centerline in the multi-axis machining apparatus, a
translation/rotation error compensation amount calculating
section that calculates the translation error compensation
amount and the rotation error compensation amount based
on the assembly error set by the assembly error setting
section and positions of the two rotation axes, and a trans-
lation/rotation error compensation amount input section that
inputs the calculated translation error compensation amount
and rotation error compensation amount to a numerical
controller controlling the multi-axis machining apparatus.

The positions of the two rotation axes may be the posi-
tions of the two rotation axes obtained from the numerical
controller at every interpolation period.

The two rotation axes are two rotation axes for table
rotation, the multi-axis machining apparatus is a table rotat-
ing multi-axis machining apparatus, and the assembly error
is the assembly error in the table surface and an assembly
error in the two rotation axes for table rotation.

The two rotation axes are two rotation axes for tool head
rotation, the multi-axis machining apparatus is a tool head
rotating multi-axis machining apparatus, and the assembly
error is the assembly error in the spindle turning centerline
and an assembly error in the two rotation axes for tool head
rotation.
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4

The two rotation axes are one rotation axis for table
rotation and one rotation axis for tool head rotation, the
multi-axis machining apparatus is a mixed multi-axis
machining apparatus with one rotation axis for table rotation
and one rotation axis for tool head rotation, and the assembly
error is the assembly error in the table surface, an assembly
error in the one rotation axis for table rotation, an assembly
error in the one rotation axis for tool head rotation, and the
assembly error in the spindle turning centerline.

The numerical controller according to the present inven-
tion controls a multi-axis machining apparatus having at
least two rotation axes, and has a numerical control section
that analyzes a machining program to carry out interpolation
and a translation/rotation error compensation amount creat-
ing device that creates a translation error compensation
amount and a rotation error compensation amount both
depending on the rotation axes. Furthermore, the translation/
rotation error compensation amount creating device has an
assembly error setting section that presets an assembly error
including at least an assembly error in a table surface or an
assembly error in a spindle turning centerline in the multi-
axis machining apparatus, a translation/rotation error com-
pensation amount calculating section that calculates the
translation error compensation amount and the rotation error
compensation amount based on the assembly error set by the
assembly error setting section and positions of the two
rotation axes, and a translation/rotation error compensation
amount input section that inputs the calculated translation
error compensation amount and rotation error compensation
amount to the numerical controller.

The positions of the two rotation axes may be the posi-
tions of the two rotation axes obtained from the numerical
controller at every interpolation period.

The present invention can provide the translation/rotation
error compensation amount creating device for the numeri-
cal controller controlling the multi-axis machining apparatus
having at least two rotation axes by:

converting the assembly error including the assembly
error in the table surface in the table rotating multi-axis
machining apparatus having the rotary table into the trans-
lation error compensation amount and rotation error com-
pensation amount depending on the rotation axes;

converting the assembly error including the assembly
error in the spindle turning centerline in the tool head
rotating multi-axis machining apparatus into the translation
error compensation amount and rotation error compensation
amount depending on the rotation axes; or

converting the assembly error including the assembly
error in the table surface and the assembly error in the
spindle turning centerline in the mixed multi-axis machining
apparatus into the translation error compensation amount
and rotation error compensation amount depending on the
rotation axes, wherein the translation/rotation error compen-
sation amount creating device enables the numerical con-
troller to compensate the assembly error in the table surface
or the assembly error in the spindle turning centerline in
practice in a shorter time.

A calculation for the conversion is much more compli-
cated than a calculation described in Journal of Technical
Disclosure No. 2009-505137 in which an assembly error not
including an assembly error in a table surface in a table
rotating multi-axis machining apparatus is converted into a
translation error compensation amount and a rotation error
compensation amount both depending on the rotation axes,
as described below in an embodiment.

In accordance with notation in JP 2009-151756 A, the
translation error compensation amount depending on the
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rotation axes is denoted by (AXR, AYR, AZR), and the
rotation error compensation amount depending on the rota-
tion axes is denoted by (AIR, AJR, AKR).

The term “compensation” as used herein refers to correct
a linear-axis machine coordinate position so that a relative
positional relation between a table and a tool center point in
an original instruction is the same as the relative relation
between the actual table (with an assembly error) and the
compensated tool center point position.

The specification is intended for the conversion of an
assembly error in the table surface, that is, an assembly error
including a translation error and a rotation error in the table
surface (table centerline described below) with respect to a
table rotation axis rotation centerline, into a translation error
compensation amount and a rotation error compensation
amount both depending on the rotation axes. However, an
installation error (a translation error and a rotation error in
a workpiece centerline described below) during workpiece
installation may be considered to be an assembly error
(translation error and rotation error) in the table surface.
Thus, the present invention is applicable to an error during
workpiece installation.

BRIEF DESCRIPTION OF THE DRAWINGS

The above-described and other objects and features of the
present invention will be apparent from the description
below of embodiments given with reference to the attached
drawings, in which:

FIG. 1 is a diagram illustrating a table rotating multi-axis
machining apparatus (5-axis machining apparatus) without
any assembly error;

FIG. 2 is a diagram illustrating that an assembly error
including an assembly error in a table surface is represented
as an error in a rotation axis rotation centerline (A axis
rotation centerline and C axis rotation centerline) and an
error (translation error and rotation error) in the table surface
with respect to a table rotation axis rotation centerline (C
axis rotation centerline);

FIG. 3 is a diagram showing how the displaced rotation
axis rotation centerline varies, focusing only on the rotation
axis rotation centerline;

FIG. 4 is a diagram illustrating that a workpiece is
installed on a displaced workpiece installation surface on the
displaced table in FIG. 2;

FIG. 5 is a diagram illustrating a data table for a trans-
lation error compensation amount and a rotation error com-
pensation amount;

FIG. 6 is a block diagram illustrating an embodiment of
a translation/rotation error compensation amount creating
device according to the present invention which inputs a
translation error compensation amount and a rotation error
compensation amount both depending on rotation axes to a
numerical controller;

FIG. 7 is a block diagram illustrating another embodiment
of the translation/rotation error compensation amount cre-
ating device according to the present invention included in
the numerical controller;

FIG. 8 is a flowchart showing a flow of processing carried
out by a translation error compensation amount calculating
section and a translation error compensation amount input
section in a first embodiment of the translation/rotation error
compensation amount creating device according to the pres-
ent invention;

FIG. 9 is a block diagram illustrating an embodiment of
the translation/rotation error compensation amount creating
device according to the present invention which obtains the
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positions of two rotation axes from the numerical controller
and which calculates the translation error compensation
amount and rotation error compensation amount depending
on the rotation axes and input the calculated results to the
numerical controller;

FIG. 10 is a diagram illustrating a tool head rotating
multi-axis machining apparatus (5-axis machining appara-
tus) without any assembly error;

FIG. 11 is a diagram illustrating that, when A=0, a tool
direction of a tool head is a Z axis direction in the tool head
rotating multi-axis machining apparatus (5-axis machining
apparatus) shown in FIG. 10;

FIG. 12 is a diagram illustrating that an assembly error
including an assembly error in a spindle turning centerline is
represented as an error in the rotation axis rotation centerline
and an error in the spindle turning centerline (translation
error and rotation error);

FIG. 13 is a diagram showing how the displaced rotation
axis rotation centerline varies, focusing only on the rotation
axis rotation centerline;

FIG. 14 is a diagram illustrating a mixed multi-axis
machining apparatus (5-axis machining apparatus) to which
the translation/rotation error compensation amount creating
device according to the present invention is applied; and

FIG. 15 is a diagram illustrating one-dimensional data
tables for a C axis and an A axis, respectively.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

First Embodiment
<1> Target Machine and Errors

FIG. 1 shows a table rotating multi-axis machining appa-
ratus (5-axis machining apparatus) without any assembly
error. In this case, a table 2 rotates with respect an A axis and
a C axis, and a tool head 4 equipped with a tool 6 with a tool
center point 8 moves with respect to an X axis, a Y axis, and
a 7 axis. Another axial configuration may be used if the
machining apparatus includes a table 2 that rotates with
respect to two rotation axes.

When A=0, the rotary table is horizontally placed as
shown in FIG. 1. An original A axis rotation centerline Ca_,
is orthogonal to an original C axis rotation centerline Cc_,
and the original C axis rotation centerline Cc_, coincides
with an original table centerline Ct_j,. In this case, “C”
means “Correct”, and “A” in A, , described below (dis-
placed table centerline) and the like means “Actual”. Fur-
thermore, “_;”” means that the data forms an error in the
table. A position instruction for the A axis and the C axis,
which are rotation axes, is denoted by (a, ).

As shown in FIG. 2, an assembly error including an
assembly error in the table surface is represented as an error
in a rotation axis rotation centerline (A axis rotation center-
line and C axis rotation centerline) and an assembly error
(translation error and rotation error) in the table surface with
respect to the table centerline (C axis rotation centerline).
Errors are exaggerated in FIG. 2, though the actual errors are
small.

Errors are represented as follows. The errors are pre-
measured and set by an assembly error setting section.

1) An Error in a Displaced Table Centerline At _, with
Respect to the Original Table Centerline Ct_,

dt_, (dtx_y, dty_,, 8tz_,)": an X component, a Y compo-
nent, and a Z component of a deviation distance from Ct_,
observed when A=0 and C=0 and corresponding to Co_that



US 9,448,551 B2

7

is an intersecting point between the original A axis rotation
centerline and the original C axis rotation centerline, to At_.
This is a translation error in the assembly error in the table
surface. “?” represents transposition but will not particularly
be described when the transposition is obvious.

(at_gp Ptz vt_z): this indicates that, when A=0 and C=0,
At_; is tilted from Ct_, with a rotation error at_,
around an X axis, a rotation error ft_,around a'Y axis,
and a rotation error yt_, around a 7 axis. This is a
rotation error in the assembly error in the table surface
and is expressed in radian. Data indicative of an angle
is hereinafter expressed in radian unless otherwise
specified.

ng. - adirection vector of At_,. Thus, n,. ,-is normal to the
actual (displaced) table surface.

2) An Error in the Displaced C Axis Rotation Centerline
Ac_,with Respect to the Original C Axis Rotation Center-
line Cc_,

dc_z (dcx_, dcy_z, 0cz_z): the X component, Y compo-
nent, and 7 component of a deviation distance from
Cc_; observed when A=0 and corresponding to Co_,
that is the intersecting point between the original A axis
rotation centerline and the original C axis rotation
centerline, to Ac_,. This is a translation error in an
assembly error in the C axis.

In this case, Ac_; may vary like a top depending on the
position of the C axis. Then, dc_; is dc_z{c) (dcx_/c),
dcy_z(c), dcz_,(c)) varying depending on c.

Moreover, Ac_, may be affected by the position of the
other axis. If Ac_; is affected by the position of the A axis,
dc_, 18 Oc_g(a, ¢) (dcx_z(a, c), dcy_ga, c), dcz_Aa, c))
varying depending on (a, ¢). FIG. 3 illustrates how Ac-T and
Aa-T, described next, vary, focusing only on the rotation
axis rotation centerline.

(ae_z Pe_gy Ye_p): this indicates that, when A=0, Ac_; is

tilted from Cc_, with a rotation error ac_, around the
X axis, a rotation error c_, around the Y axis, and a
rotation error yc_, around the Z axis. This is a rotation
error in the assembly error in the C axis. As is the case
with dc_g, if Ac_, varies depending on the position of
the C axis, (ac_g Pec_z, ye_p) is (ac_g (¢), Pe_Hc),
yc_-{(¢)) varying depending on c. Moreover, if Ac_; is
affected by the position of the other axis (A axis),
(ac_p Pe_gp ¥e_7) Is (ac_1(a, ¢), fe_g(a, ¢), ye_(a, ©))
varying depending on (a, ¢) (see FIG. 3).

n. 7 a direction vector of Ac_;.

3) An Error in the Displaced A Axis Rotation Centerline
Aa_,with Respect to the Original a Axis Rotation Centerline
Ca_y,

da_z (dax_z, day_z, daz_z): the X component, Y compo-
nent, and 7 component of a deviation distance from
Ca_; corresponding to Co_j that is the intersecting
point between the original A axis rotation centerline
and the original C axis rotation centerline, to Aa_,. This
is a translation error in an assembly error in the A axis.
As is the case with dc_,, if Aa_, varies depending on
the position of the A axis, da_, is da_,(a) (dax_,(a),
day_(a), daz_,(a)) varying depending on a (see FIG.
3).

(ca_g, Pa_p ya_p): this indicates that Aa_ is tilted from
Ca_, with a rotation error aa_, around the X axis, a
rotation error fa_, around the Y axis, and a rotation
error ya_, around the Z axis. This is a rotation error in
the assembly error in the A axis. As is the case with
da_y, if Aa_, varies depending on the position of the A
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axis, (0a_g, fa_g, ya_y) is (0a_g(a), Pa_x(a), ya_ (a))
varying depending on a (see FIG. 3).
n, ;- a direction vector of Aa_;.

<2> Translation Error Compensation Amount and
Rotation Error Compensation Amount Depending
on the Rotation Axes

A workpiece is placed on the table. Here, an assembly
error in the table (translation error 8t_, (0tx_, Oty_z, dtz_;)
and a rotation error (at_,, Pt_z yt_;) are focused on. Then,
when A=0 and C=0, a translation error compensation
amount (AXR, AYR, AZR) and a rotation error compensa-
tion amount (AIR, AJR, AKR) both depending on the rota-
tion axes (A axis and C axis) are dt_j (0tx_z, dty_,, Otz_;)
and (at_p, Pt_p yt_p), respectively.

Errors in the table are compensated so as to be traced, and
are thus equal to compensation amounts.

When A=a and C=c, the translation error 6t_; and the
rotation error (at_j, Pt_p yt_;) are varied as follows by
rotation of the A axis and the C axis. When the table rotates
so that A=a and C=c, the table itself rotates around the C axis
by -c and around the A axis by -a. Thus, a translation/
rotation error compensation amount calculating section 42
(see FIG. 6) carries out a calculation for a case where the
table rotates around the actual C axis (displaced C axis
rotation centerline, Ac_;) by —c and around the actual A axis
(displaced A axis rotation centerline, Aa_,) by —a. In the
calculation, square terms for an error and an error compen-
sation amount are neglected. Furthermore, when a rotation
error is denoted by e, lel<<1, and the following approxima-
tions are carried out: sin(e)=e and cos(e)=1. This is also
applicable to embodiments to be described later.
<2-1> Translation Error Compensation Amount

A translation error 8t_, (8tx_r, Oty_,, 8tz_) in the table is
rotated around the displaced C axis rotation centerline Ac_,
by -c and further around the displaced A axis rotation
centerline Aa_;, by -a.

A matrix that rotates, by —c, around a vector n.._, indica-
tive of the direction of Ac_, observed when A=0 is denoted
by Mc_;. A matrix that rotates, by —a, around a vector n,
indicative of the direction of Aa_j is denoted by Ma_,.

The expression “A translation error 8t_, (0tx_j, dty_g,
dtz_;) in the table is rotated around Ac_, by —c and further
around Aa_, by -a” means that 8t_, (=tx_, dty_, 0tz_;) is
rotated around n._,in dc_; by —c and further around n,_, in
da_, by —a. Thus, the translation error compensation amount
(AXR, AYR, AZR) corresponding to the position of the A
axis (a) and the position of the C axis (c) (that is, depending
on the rotation axes) is as expressed by:

AXR
AYR
AZR

(9]
=Ma_g«{Mc_7 % (St_yr —Sc_p)+dc_r —Sa_r} + da_r

(Orx_p — dex_p)cos(c) + (81y_y — Scyp)sin(c) + dex_p
{=(01y_y — Scy_p)sin(c) + (8ty_q — Scy_p)cos(c) +
= | dcy_y — Say_rlcos(a) + (dtz_r — daz_r)sin(a) + Say_r |.
—{—(8ty_y — Scy_p)sin(c) + (S1y_y — dcy_p)cos(c) +
Scy_p — Say_plsin(a) + (01z_r — daz_r)cos(a) + daz_7

<2-2> Rotation Error Compensation Amount

A rotation error (at_p Pt yt_;) in the table rotates
around the C axis rotation centerline Ac_, by —c and further
around the A axis rotation centerline Aa_, by —a. A vector in



US 9,448,551 B2

9

the correct table centerline direction observed when A=a and
C=c is denoted by nz_,. A rotation matrix M, based on the
rotation error compensation amount (AIR, AJR, AKR) cor-
responding to the position of the vector when A=a and C=c
(that is, the rotation error compensation amount (AIR, AJR,
AKR) depending on the rotation axes), is expressed by:

1 -AKR AJR
AKR 1 —AJR |.
-AJR AIR 1

@
M=

A direction obtained from compensation of the vector
nz_, using the rotation error compensation amount (AIR,
AJR, AKR) corresponds to a direction resulting from rota-
tion of the vector n. around Ac_; by —c and further around
Aa_; by -a, and thus, Formula (3) holds true.

Pr_rcos(c) — at_rsin(c) + Be_r(1 —cos(c)) + ac_psin(c) — 3
Pa_r(1 —cos(a)) —ya_rsin(a)
{=Pr_rsin(c) — az_rcos(c) — ae_r(1 —cos(c)) +
Pe_rsin(c)}cos(a) + sin(a)
—{=pBr_rsin(c) — ar_rcos(c) — ac_r (1 — cos(c)) +

Pe_rsin(c)}sin(a) + cos(a)

—AKRsin(a) + AJRcos(a)
sin(a) — AlRcos(a)
AIRsin(a) + cos(a)

Formula (4) is obtained from the second and third ele-
ments of Formula (3).

AIR=—{-P_gsin(c)-0r_g cos(c)-ac_H{1-cos(c))+

Be_rsin(c)} Q)
AJR and AKR are determined from the first element of
Formula (3) but are not uniquely determined. Thus, on the
assumption that a denotes a tilting axis and is movable
within the range of about -85 degrees<a<85 degrees (cos(a)
does not assume a value close to 0), 0.0871<cos(a)<1. Thus,
AJR and AKR are determined as shown in Formula (5). The
rotation error compensation amount (AIR, AJR, AKR)
depending on the rotation axes is determined as described

above. Of course, another solution meets Formula (3).

AKR =vya_r (5)

Pr_rcos(c) — at_psin(c) + Be_r(1l —cos(c)) +

AJR = ac_psin(c) — fa_r(1 — cos(a))

cos(a)

Now, it is assumed that a workpiece is installed on the
displaced table as shown in FIG. 4. More specifically, as
shown in FIG. 4, it is assumed that a workpiece 10 is
installed on a displaced workpiece installation surface 12 on
the displaced table in FIG. 2 (the displaced workpiece 10 is
placed on the displaced workpiece installation surface 12).
In this case, like ““|) An error in the displaced table centerline
At_, with respect to the original table centerline Ct_;” in
“<1> Target machine and errors”, the following error is
present.

4) An Error in a Displaced Workpiece Centerline Aw_,
with Respect to the Original Workpiece Centerline Cw_;:
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OW_z (OWX_, dWY_p, OWZ_5): the X component, Y com-
ponent, and Z component of a deviation distance from
Cw_z observed when A=0 and C=0 and corresponding
to Co_ that is an intersecting point between the origi-
nal A axis rotation centerline and the original C axis
rotation centerline, to Aw_,. This is a translation error
in an installation assembly error during workpiece
installation.

(aw_z, PW_p, YW_g): this indicates that, when A=0 and
C=0, Aw_ is tilted from Cw_, with a rotation error
aw_, around the X axis, a rotation error fw_, around
the Y axis, and a rotation error yw_, around the Z axis.
This is a rotation error in the installation error during
workpiece installation.

n,, ;- a direction vector of Aw_;. Thus, n,,_,is normal to
the actual (displaced) workpiece installation surface.

In this case, when the processing described in “<2-1>

Translation error compensation amount” and “<2-2> Rota-
tion error compensation amount” is carried out using “4) An
error in a displaced workpiece centerline Aw_, with respect
to the original workpiece centerline Cw_;” instead of “1) An
error in the displaced table centerline At_, with respect to the
original table centerline Ct_,”, the installation error (trans-
lation error and rotation error) during work installation may
also be considered to be an assembly error (translation error
and rotation error) in the table surface as described above.
Obviously, a resultant error of the assembly error (transla-
tion error and rotation error) in the table surface and the
installation error (translation error and rotation error) during
work installation may also be considered to be an assembly
error (translation error and rotation error) in the table sur-
face. Thus, the assembly error in the table surface according
to the present invention includes the installation error (trans-
lation error and rotation error) during workpiece installation.

<3> Input of the Translation Error Compensation
Amount and the Rotation Error Compensation
Amount

<3-1> Input to a Translation Error Compensation Amount
and Rotation Error Compensation Amount Data Table in the
Numerical Controller

As disclosed in JP 2009-151756 A, some numerical
controllers contain a translation error compensation amount
and rotation error compensation amount data table. The
translation error compensation amount and rotation error
compensation amount depending on the rotation axes cal-
culated according to the present invention are input to such
a numerical controller and set in the data table in the
numerical controller.

The data table is configured like a grid as shown in FIG.
5. The translation error compensation amount (VnX, VnY,
VnZ) and the rotation error compensation amount (Vnl,
Vnl, VnK) corresponding to each grid point (ai, ¢j) (i=1,
2,...,5=1,2,...) are input to and set in the numerical
controller.

In this case, (ai, ¢j) denotes the positions of the A axis and
the C axis pre-specified in the numerical controller and
corresponding to each grid point, and n denotes a grid point
number corresponding to a combination (i, j). Thus, the
translation error compensation amount (AXR, AYR, AZR)
and rotation error compensation amount (AIR, AJR, AKR)
depending on the rotation axes (A axis and C axis) corre-
sponding to each grid point (ai, ¢j) are determined, and the
resultant translation error compensation amount (VnX, VnY,
VnZ) and rotation error compensation amount (Vnl, VnJ,
VnK) are input to and set in the numerical controller. That
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is, with (a, ¢)=(ai, cj) set, the processing described in “<2-1>
Translation error compensation amount” and “<2-2> Rota-
tion error compensation amount” is carried out to determine
(AXR, AYR, AZR) and (AIR, AJR, AKR). Then, the resultant
translation error compensation amount (VnX, VnY, VnZ)
and rotation error compensation amount (Vnl, Vnl, VnK)
corresponding to (ai, ¢j) are input to and set in the numerical
controller in accordance with:

VnX = AXR, VnY = AYR, VnZ = AZR (6)

Vnl =AIR, VnJ = AJR, VnK = AKR.

In this case, a block diagram in FIG. 6 shows a first
embodiment of a translation/rotation error compensation
amount creating device according to the present invention
which inputs the translation error compensation amount
(AXR, AYR, AZR) and rotation error compensation amount
(AIR, AJR, AKR) depending on the rotation axes to the
numerical controller. That is, a numerical controller 30
analyzes an input machining program 20 by an instruction
analyzing section 31 and carries out interpolation by an
interpolation section 32 based on the analysis data. The
interpolation section 32 further carries out compensation
based on a translation error compensation amount and
rotation error compensation amount data table 33 and the
current position to drive respective axis servos 34X, 34Y,
347, 34A, and 34C. Thus, the numerical controller 30
controls a multi-axis machining apparatus having at least
two rotation axes. The instruction analyzing section 31 and
interpolation section 32 of the numerical controller 30 are
collectively referred to as a numerical control section.

The compensation is performed by the interpolation sec-
tion 32, but the compensation method carried out by the
interpolation section 32 is a conventional technique also
described in JP 2009-151756 A and will thus not particularly
be described. An assembly error 43 including at least an
assembly error in a table surface or an assembly error in a
spindle turning centerline is set in the translation/rotation
error compensation amount creating device 40 by an assem-
bly error setting section 44. The translation/rotation error
compensation amount calculating section 42 calculate the
assembly error 43 and the translation error compensation
amount (AXR, AYR, AZR) and rotation error compensation
amount (AIR, AJR, AKR) depending on the rotation axes and
corresponding to positions of two rotation axes (ai, cj), by
setting (a, ¢)=(ai, ¢j) in the above-described processing. A
translation/rotation error compensation amount input section
41 inputs these translation error compensation amount and
the rotation error compensation amount to the numerical
controller 30.

Furthermore, the translation/rotation error compensation
amount creating device 40 may be incorporated in the
numerical controller 30 as shown in FIG. 7.
<3-2> Direct Input of the Translation Error Compensation
Amount and the Rotation Error Compensation Amount to
the Numerical Controller

JP 2009-151756 A discloses a numerical controller that
performs compensation based on the translation error com-
pensation amount and the rotation error compensation
amount. The positions (a, ¢) of the two rotation axes are
obtained from the numerical controller, and the translation
error compensation amount (AXR, AYR, AZR) and rotation
error compensation amount (AIR, AJR, AKR) depending on
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the rotation axes, calculated according to the present inven-
tion, are input to a numerical controller 50, which then
performs compensation.

In this case, a block diagram in FIG. 9 shows the first
embodiment of the translation/rotation error compensation
amount creating device according to the present invention
which obtains the positions (a, ¢) of the two rotation axes
and which calculates the translation error compensation
amount (AXR, AYR, AZR) and rotation error compensation
amount (AIR, AJR, AKR) both depending on the rotation
axes and inputs the calculated result to the numerical con-
troller. That is, a numerical controller 50 analyzes an input
machining program 20 by an instruction analyzing section
51 and carries out interpolation by an interpolation section
52 based on the analysis data. The interpolation section 52
further carries out compensation based on the translation
error compensation amount, the rotation error compensation
amount, and the current position to drive the respective axis
servos 34X, 34Y, 347, 34A, and 34C. The compensation
method to be carried out by the interpolation section 52 is a
conventional technique as described in JP 2009-151756 A
mentioned above and will thus not particularly be described.

In this case, the assembly error 43 including at least the
assembly error in the table surface or the assembly error in
the spindle turning centerline is set in the translation/rotation
error compensation amount creating device 40 by the assem-
bly error setting section 44. The positions (a, ¢) of the two
rotation axes are obtained from the numerical controller 50
at every interpolation period. The translation/rotation error
compensation amount calculating section 42 calculates the
assembly error 43 and the translation error compensation
amount (AXR, AYR, AZR) and rotation error compensation
amount (AIR, AJR, AKR) both depending on the rotation
axes and corresponding to the positions (a, ¢) of the two
rotation axes. The translation/rotation error compensation
amount input section 41 inputs these translation error com-
pensation amount and the rotation error compensation
amount to the numerical controller 50.

Furthermore, the translation/rotation error compensation
amount creating device 40 may be incorporated in the
numerical controller 50 as is the case with FIG. 7.

With reference to a flowchart in FIG. 8, a flow of
processing will be described which is carried out by the
translation/rotation error compensation amount calculating
section 42 and translation/rotation error compensation
amount input section 41 in the first embodiment of the
translation/rotation error compensation amount creating
device according to the present invention. The flow of the
processing will be described in accordance with steps of the
flowchart.

[Step SA01] The translation/rotation error compensation
amount calculating section 42 sets a=ai and c=cj for the
positions (ai, ¢j) of the A axis and the C axis corresponding
to each grid point and pre-specified in the numerical con-
troller 30.

[Step SA02] In accordance with Formula (1), the translation/
rotation error compensation amount calculating section 42
calculates the translation error compensation amount (AXR,
AYR, AZR) depending on the rotation axes and correspond-
ing to the positions (a, ¢) of the A axis and the C axis.
[Step SA03] In accordance with Formulae (2) to (5), the
translation/rotation error compensation amount calculating
section 42 calculates the rotation error compensation amount
(AIR, AJR, AKR) depending on the rotation axes and cor-
responding to the positions (a, ¢) of the A axis and the C axis.
[Step SA04] In accordance with Formula (6), the translation/
rotation error compensation amount input section 41 calcu-
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lates and inputs the translation error compensation amount
(VnX, VnY, VnZ) and rotation error compensation amount
(Vnl, Vnl, VnK) corresponding to (ai, cj), and inputs the
calculated results to the numerical controller 30, and the
process is ended.

Second Embodiment
<1> Target Machine and Errors

FIG. 10 shows a tool head rotating multi-axis machining
apparatus (5-axis machining apparatus) without any assem-
bly error. In this case, a tool head moves with respect to the
X axis, the Y axis, and the Z axis, and rotates with respect
the A axis and the C axis. Another axial configuration may
be used if the machining apparatus includes a tool head that
rotates with respect to two rotation axes.

When A=0, a tool direction of the tool head is a Z axis
direction as shown in FIG. 11. An original A axis rotation
centerline Ca_,, is orthogonal to an original C axis rotation
centerline Cc_g, and the original C axis rotation centerline
Cc_g coincides with an original spindle turning centerline
Cs_g. In this case, “_,;” means the data that forms an error
in the tool head. A position instruction for the A axis and the
C axis is denoted by (a, c).

As shown in FIG. 12, an assembly error including an
assembly error in the spindle turning centerline is repre-
sented as an error in the rotation axis rotation centerline (A
axis rotation centerline and C axis rotation centerline) and an
error in the spindle turning centerline (translation error and
rotation error). Errors are exaggerated in FIG. 12, though the
actual errors are small. In FIG. 12, 8c_;, and (ac_g, fc_g,
yc_g) are originally separate vectors but are simplified and
shown by one vector due to the lack of space.

Errors are represented as follows. The errors are pre-
measured and set by an assembly error setting section.

1) An Error in a Displaced Spindle Turning Centerline
As_,;, With Respect to the Original Spindle Turning Center-
line Cs_g

Os_z7 (8SX_p, O8Y_gy, 95Z_5): the X component, Y compo-

nent, and 7 component of a deviation distance from
Cs_;; observed when A=0 and C=0 and corresponding
to Co_g that is an intersecting point between the origi-
nal A axis rotation centerline and the original C axis
rotation centerline, to As_,,. This is a translation error
in the assembly error in the spindle turning centerline.

(a8_zp, Ps_gp, ¥s_g): this indicates that, when A=0 and

C=0, As_,is tilted from Cs_,, with a rotation error ats_g;
around the X axis, the rotation error f§s_, around the Y
axis, and a rotation error ys_g around the Z axis. This
is a rotation error in the assembly error in the spindle
turning centerline.

ng ;+ a direction vector of As_g. Thus, ng ,; is normal to

the actual (displaced) spindle turning centerline direc-
tion.

2) An Error in the Displaced C Axis Rotation Centerline
Ac_; WITH Respect to the Original C Axis Rotation Cen-
terline Cc_,,

d¢_z7 (OcX_g, OCY_g, 0CZ_): the X component, Y com-

ponent, and Z component of a deviation distance from
Cc_,; observed when A=0 and corresponding to Co_,,
that is the intersecting point between the original A axis
rotation centerline and the original C axis rotation
centerline, to Ac_,. This is a translation error in an
assembly error in the C axis. As is the case with the first
embodiment, Ac_,; may vary like a top depending on
the position of the C axis. Then, dc_, is dc_g(c)
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(0cx_g/c), dey_z/c), dcz_, (¢)) varying depending on c.
FIG. 13 illustrates how Ac_ and As_, described next,
varies, focusing only on the rotation axis rotation
centerline.

(oc_g, Pe_g Yo_gp): this indicates that, when A=0, Ac_,, is
tilted from Cc_g; with a rotation error ac_g around the
X axis, a rotation error fc_g around the Y axis, and a
rotation error yc_,, around the Z axis. This is a rotation
error in the assembly error in the C axis. As is the case
with 8c_g,, if Ac_j; varies depending on the position of
the C axis, (0c_g, Pc_g, Yo_g) 18 (ac_glc), Pe_glc),
yc_z(c)) varying depending on ¢ (see FIG. 13).

n. ;- a direction vector of Ac_g,.

3) An Error in the Displaced A Axis Rotation Centerline
Aa_,, with Respect to the Original A Axis Rotation Center-
line Ca_g,

da_;; (dax_g,, day_, daz_p): the X component, Y com-
ponent, and Z component of a deviation distance from
Ca_,; corresponding to Co_g that is the intersecting
point between the original A axis rotation centerline
and the original C axis rotation centerline, to Aa_g,.
This is a translation error in an assembly error in the A
axis. As is the case with dc_,, if Aa_, varies depending
on the position of the A axis, da_g is da_,(a) (dax_g/(a),
day_,[a), daz_(a)) varying depending on a. Moreover,
Aa_,; may be affected by the position of the other axis.
If As_,; is affected by the position of the C axis, da_,;
is da_g (a, ©) (dax_, (a, ¢), day_ (a, ¢), daz_g (a, ¢))
varying depending on (a, ¢) (see FIG. 13).

(0@a_g, P_gs Ya_g): this indicates that Aa_, is tilted from
Ca_,, with a rotation error ca_, around the X axis, a
rotation error Pa_g around the Y axis, and a rotation
error ya_g around the Z axis. This is a rotation error in
the assembly error in the A axis. As is the case with
da_g, if Aa_,; varies depending on the position of the A
axis, (0a_g, fa_g, ya_p) is (@a_g(a), Pa_g(a), ya_p(a))
varying depending on a. If Aa_,, is affected by the other
axis (C axis) position, (ca_g, fa_z, Ya_z) is (ca_g(a, c),
Pa_g(a, ¢), ya_g(a, ¢)) varying depending on (a, c) (see
FIG. 13).

n, ; a direction vector of Aa_g,.

<2> Translation Error Compensation Amount and
Rotation Error Compensation Amount Depending
on the Rotation Axes

An assembly error in the spindle turning centerline (trans-
lation error ds_; (8SX_g,;, OSY_zy, 0sZ_,) and a rotation error
(as_zy, Ps_z» YS_p) are focused on. Then, when A=0 and
C=0, a translation error compensation amount (AXR, AYR,
AZR) and a rotation error compensation amount (AIR, AJR,
AKR) both depending on the rotation axes (A axis and C
axis) are —0s_j (-0sX_g, -0SY_p, -0sZ_;) and (-as_g,
—Bs_z, —vs_g), respectively.

Errors in the tool head are compensated so as to be
retracted, and thus, the compensation amount is equal to the
error in the tool head the sign of which is inverted. When
A=a and C=c, ds_j and (as_g, 0s_g, ys_p) are varied as
follows by rotation of the A axis and the C axis.

When the tool head rotates so that A=a and C=c, a
translation/rotation error compensation amount calculating
section 42 (see FIG. 9) carries out a calculation for a case
where the tool head rotates around the actual A axis (dis-
placed A axis, Aa_,) by a and around the actual C axis
(displaced C axis, Ac_) by c.
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<2-1> Translation Error Compensation Amount

A translation error ds_g (8sX_z, OSY_z, O8Z_) in the
spindle turning centerline is rotated around the displaced A
axis rotation centerline Aa_;, by a and further around the
displaced C axis rotation centerline Ac_ by c.

A matrix that rotates, by a, around a vector n,_;, indicative
of the direction of Aa_, is denoted by Ma_,,.

A matrix that rotates, by ¢, around a vector n_;, indicative
of the direction of Ac_, when A=0 is denoted by Mc_,,. The
expression “A translation error 8s_z (85X _z, 88y_p, 0sZ_p) in
the spindle turning centerline is rotated around the displaced
A axis rotation centerline Aa_,, by a and further around the
displaced C axis rotation centerline Ac_g by ¢” means that
O5_z; (08X _zy, OSY_g, O8Z_;;) 1s rotated around n, ;, in da_g, by
a and further around n. , in dc_, by c. Moreover, the
translation error compensation amount is a sign inverted
value of the translation error. Thus, the translation error
compensation amount (AXR, AYR, AZR) corresponding to
the position of the A axis (a) and the position of the C axis
(c) (that is, depending on the rotation axes) are as expressed
by:

AXR
AYR
AZR

o

=—Mc_y+{Ma_p +(0s_y —Sa_y)+Sa_y —c_yt—dc_y

—(Osx_py — dcx_p)cos(c) +{(dsy_y — Say_cos(a) —
(0sz—y — daz_y)sin(a) + (Say_y; — dey_y)}
sin(c) — Sex_py

—(8sx_py — dcx_p)sin(c) +{—(0sy_; — Say_y)cos(a) +
(dsz_p — Saz_y)sin(a) — '
(bay_p; — Scy_p)icos(c) —dey_y
—(8sy_py — day_p)sin(a) —
(0sz-p — daz_y)cos(a) — Saz_py

<2-2> Rotation Error Compensation Amount

(a0s_z, Ps_gp ¥S_gp) rotates around the displaced A axis
rotation centerline Aa_,; by a and further around the dis-
placed C axis rotation centerline Ac_;, by c¢. A vector
obtained in the correct spindle turning centerline direction
when A=a and C=c is denoted by nz_,,. When A=a and C=c,
a rotation matrix M, based on the rotation error compensa-
tion amount (AIR, AJR, AKR) corresponding to the position
of the vector (that is, depending on the rotation axes) is, as
with the case with the first embodiment, expressed by:

1 -AKR AJR
AKR 1 —-AIR
-AJR AIR 1

8
M=

The vector nz_,, corresponds to a direction obtained by
compensation, using the rotation error compensation amount
(AIR, AJR, AKR), of a direction resulting from rotation of
the direction vector ng ;, around the A axis rotation center-
line Aa_,; by a and further around the C axis rotation
centerline Ac_;, by c. Thus, Formula (9) holds true.
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{Bs_y — Pa_y (1 —cos(a)) + ya_ysin(a)}cos(c) + [©)]
{ass_ycos(a) + sin(a)}sin(c) +
{Be_y (1 — cos(c)) — ac_ysin(c)}cos(a)
{Bs_y — Pa_p (1 —cos(a)) + ya_gsin(a)}sin(c) — =
{as_ycos(a) + sin(a)}cos(c) +
{—aec_p (1 —cos(c)) — Pe_pysin(c)}cos(a)

—{—ac_y(1 —cos(c)) + Pe_ysin(e)}sin(a) — as_ysin(a) + cos(a)

sin(c)sin{a) — AKRcos(c)sin(a) — AJRcos(a)
—AKRsin(c)sin(a) — cos(c)sin(a) + AlRcos(a)
AJRsin(c)sin(a) + AIRcos(c)sin(a) + cos(a)

Given -85 degrees<a<85 degrees as is the case with the
first embodiment, Formula (10) is obtained from Formula
(9). The rotation error compensation amount (AIR, AJR,
AKR) depending on the rotation axes is determined as
described above. Of course, another solution meets Formula

©).

AIR = Ba_gsin(c) — as_gcos(c) — (10)

(s — Pa_y)sin(c)

ac_p(1 —cos(c)) — Pe_psin(c) + cos@

AJR = —Pa_gcos(c) — as_ysin(c) + ac_gsin(c) —

(Bs_ = Ba_)cos(c)

Be_py(1 - cos(c)) -
cos(a)

AKR = —ya_p

<3> Input of the Translation Error Compensation
Amount and the Rotation Error Compensation
Amount

This aspect is the same as the corresponding aspect of the
first embodiment and will not be described below.

Third Embodiment

<1> Target Machine and Errors

FIG. 14 shows a mixed multi-axis machining apparatus
(5-axis machining apparatus) to which the translation/rota-
tion error compensation amount creating device according to
the present invention is applied. In this case, a tool head
moves with respect to the X axis, the Y axis, and the Z axis,
and rotates with respect the A axis, and a table rotates with
respect to the C axis. Another axial configuration may be
used if the machining apparatus includes a tool head that
rotates with respect to one of the rotation axes and a table
that rotates with respect to the other rotation axis.

The present embodiment is the same as the second
embodiment except that the tool head rotates with respect to
one rotation axis instead of two rotation axes, and also the
same as the first embodiment except that the table rotates
with respect to one axis rather than two axes. Thus, the
description of the third embodiment is simplified.

In FIG. 14, for example, da_ and (ca_, fa_g, va_z), like
d¢c_z and (ac_g Pe_gs Yo_gz) in FIG. 12, are originally
separate vectors but are simplified and shown by one vector
due to the lack of space.
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<2> Translation Error Compensation Amount and
Rotation Error Compensation Amount Depending
on the Rotation Axes

The calculation for only the C axis according to the first
embodiment is carried out. That is, with a=0, aa_,=0,
pa_/~0, ya_,=0, dax_,=0, day_,=0, and daz_,=0 set, a
translation error compensation amount (AXC, AYC, AZC)
and a rotation error compensation amount (AIC, AJC, AKC)
both depending on the rotation axis (C axis) according to the
first embodiment are determined.

The calculation for only the A axis according to the
second embodiment is carried out. That is, with ¢=0,
ac_;=0, Be_~0, yc_=0, dcx_=0, dcy_,~0, and dcz_ =0
set, a translation error compensation amount (AXA, AYA,
AZA) and a rotation error compensation amount (AIA, AJA,
AKA) both depending on the rotation axis (A axis) according
to the second embodiment are determined.

<3> Input of the Translation Error Compensation
Amount and the Rotation Error Compensation
Amount

<3-1> Input to a Translation Error Compensation Amount
and Rotation Error Compensation Amount Data Table in the
Numerical Controller

According to the conventional art, such a one-dimen-
sional data table as shown in FIG. 15 is provided for each of
the C axis and the A axis. A translation error compensation
amount (ViX, ViY, ViZ) and a rotation error compensation
amount (Vil, Vi, ViK) both corresponding to each grid point
(ai) (i=1, 2, . . . ) are input to and set in the data tables.

Thus, the translation error compensation amount (AXA,
AYA, AZA) and rotation error compensation amount (AIA,
AJA, AKA) both depending on the A axis and corresponding
to each grid point (ai) are determined, and are input to and
set in the numerical controller as the translation error
compensation amount (ViX, ViY, ViZ) and the rotation error
compensation amount (Vil, Vil, ViK). That is, the transla-
tion/rotation error compensation amount creating device sets
a equal to ai (a=ai) and determines the translation error
compensation amount (AXA, AYA, AZA) and rotation error
compensation amount (AIA, AJA, AKA) both depending on
the rotation axis (A axis). The translation/rotation error
compensation amount creating device then inputs and sets
the determined (AXA, AYA, AZA) and (AIA, AJA, AKA) as
translation error compensation amount (ViX, ViY, ViZ) and
rotation error compensation amount (Vil, Vil, ViK) corre-
sponding to (ai) in the numerical controller in accordance
with:

ViX = AXA, Vi¥ = AYA, ViZ = AZA (1D

Vil = AIA, Vil = AJA, VIK = AKA.

The translation/rotation error compensation amount cre-
ating device is also configured to input and set a translation
error compensation amount (VjX, VjY, VjZ) and a rotation
error compensation amount (Vjl, Vjl; VjK) both corre-
sponding to each grid point (¢j) (=1, 2, . . . ) in the numerical
controller. Thus, the translation/rotation error compensation
amount creating device similarly determines the translation
error compensation amount (AXC, AYC, AZC) and rotation
error compensation amount (AIC, AJC, AKC) depending on
the rotation axis (C axis) and corresponding to each grid
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point (cj). The translation/rotation error compensation
amount creating device then inputs and sets the determined
(AXC, AYC, AZC) and (AIC, AJC, AKC) as translation error
compensation amount (VjX, VjY, VjZ) and rotation error
compensation amount (Vjl, VjJ; VjK) in the numerical
controller.

In this case, a block diagram in FIG. 6 or FIG. 7 shows
a third embodiment of the translation/rotation error com-
pensation amount creating device according to the present
invention which inputs the translation error compensation
amount and rotation error compensation amount depending
on the rotation axis to the numerical controller.
<3-2> Direct Input of the Translation Error Compensation
Amount and the Rotation Error Compensation Amount to
the Numerical Controller

Some numerical controllers perform compensation based
on the translation error compensation amount and the rota-
tion error compensation amount as disclosed in JP 2009-
151756 A. The translation/rotation error compensation
amount creating device 40 obtains the positions (a, ¢) of the
two rotation axes from such a numerical controller 50 as
described above. The translation/rotation error compensa-
tion amount creating device 40 then inputs the translation
error compensation amounts (AXA, AYA, AZA) and (AXC,
AYC, AZC) and rotation error compensation amounts (AIA,
AJA, AKA) and (AIC, AJC, AKC) determined as described
above and depending on the rotation axes to the numerical
controller 50. The numerical controller 50 perform compen-
sation based on the input values. In this case, the block
diagram in FIG. 9 shows the third embodiment of the
translation/rotation error compensation amount creating
device according to the present invention which obtains the
positions (a, ¢) of the two rotation axes from the numerical
controller and which calculates and inputs the translation
error compensation amount and rotation error compensation
amount depending on the rotation axes to the numerical
controller. Furthermore, the translation/rotation error com-
pensation amount creating device 40 may be incorporated in
the numerical controller 50 as is the case with the first
embodiment.

What is claimed is:

1. A translation/rotation error compensation amount cre-
ating device for creating, for a multi-axis machining appa-
ratus having at least two rotation axes, a translation error
compensation amount and a rotation error compensation
amount both depending on the rotation axes, the translation/
rotation error compensation amount creating device com-
prising:

an assembly error setting section configured to preset an

assembly error including at least an assembly error in
a table surface or an assembly error in a spindle turning
centerline in the multi-axis machining apparatus;

a translation/rotation error compensation amount calcu-

lating section configured to calculate
the translation error compensation amount by a first
arithmetic expression based on the assembly error
and positions of the two rotation axes, and
the rotation error compensation amount by a second
arithmetic expression for solving an equation based
on
a correct direction vector of the table surface or the
spindle turning centerline based on the positions
of the two rotation axes,
the rotation error compensation amount,
the assembly error, and
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an actual direction vector of the table surface or the
spindle turning centerline based on the positions
of the two rotation axes; and
a translation/rotation error compensation amount input
section configured to input the calculated translation
error compensation amount and the rotation error com-
pensation amount to a translation error compensation
amount and rotation error compensation amount data
table in a numerical controller controlling the multi-
axis machining apparatus,
wherein
the multi-axis machining apparatus is a table rotating
multi-axis machining apparatus having a rotary table,
the translation/rotation error compensation amount creat-
ing device is configured to convert the assembly error
in the table surface in the table rotating multi-axis
machining apparatus into the translation error compen-
sation amount and the rotation error compensation
amount both depending on the rotation axes,
the two rotation axes include an A axis and a C axis,
the first arithmetic expression for calculating the transla-
tion error compensation amount (AXR, AYR, AZR)
corresponding to a position (a) of the A axis and a
position (c) of the C axis is as follows:

AXR
AYR | = Ma* p{Mc* 7(St_1 — 6c_7) + Sc_ — Sa_t} + Sa_r
AZR
(Otx_7 — Sex_r)cos(c) + (Sty_r — dey_7)sin(c) + Sex_r
{=(0ty_7 — Scy_7)sin(c) + (Sty_7 — Scy_r)cos(c) +
= | dey_r — Say_r)cos(a) + (tz_r — Saz_r)sin(a) + Say_r |,
—{=(Sty_r — Sey_7)sin(c) + (Sty_ — Scy_r)cos(c) +
Sey_r — Say_rYsin(a) + (dtz_r — Saz_g)cos(a) + Saz_r

and
the second arithmetic expression for calculating the rota-
tion error compensation amount (AIR, AJR, AKR) is as
follows:

Pr_rcos(c) — at_rsin(c) + Be_r(1 —cos(c)) + ac_psin(c) —
Pa_r(1 —cos(a)) —ya_rsin(a)
{=pPr_rsin(c) — ar_rcos(c) — ae_r(1 —cos(c)) +
Pe_rsin(c)}cos(a) + sin(a)
—{=pBr_rsin(c) — ar_rcos(c) — ac_r (1 — cos(c)) +

Pe_rsin(c)}sin(a) + cos(a)

—AKRsin{a) + AJ Rcos(a)
sin(a) — Al Rcos(a)
AlRsin(a) + cos(a)

where
an error in a displaced table centerline At_, with respect
to an original table centerline Ct_; is as follows:
Otx_p, Oty_,, 0tz_,are an X component, a Y component,
and a Z component, respectively, of a deviation
distance between At_, and Ct_, observed when A=0
and C=0 and corresponding to Co_, that is an inter-
secting point between an original A axis rotation
centerline Ca_, and an original C axis rotation cen-
terline Cc_,

at_g, Pt_p, yt_r indicate that, when A=0 and C=0, At_,.

is tilted from Ct_, with a rotation error at_, around
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an X axis, a rotation error ft_, around a Y axis, and
a rotation error yt_,around a Z axis, respectively, and
n; , is a direction vector of At_,,
an error in a displaced C axis rotation centerline Ac_, with
respect to the original C axis rotation centerline Cc_; is
as follows:
dcx_p, dcy_p, Ocz_, are the X component, Y compo-
nent, and Z component, respectively, of a deviation
distance between Ac_,and Cc_,observed when A=0
and corresponding to Co_; that is the intersecting
point between the original A axis rotation centerline
and the original C axis rotation centerline,

ac_r, Pe_z ye_rindicate that, when A=0, Ac_ is tilted
from Cc_, with a rotation error ac_; around the X
axis, a rotation error fc_;, around the Y axis, and a
rotation error yc_;, around the Z axis, respectively,
and

n._ris a direction vector of Ac_,
an error in a displaced A axis rotation centerline Aa_, with
respect to the original A axis rotation centerline Ca_; is
as follows:
dax_;, day_g, daz_; are the X component, Y compo-
nent, and Z component, respectively, of a deviation
distance between Aa_; and Ca_j corresponding to
Co_, that is the intersecting point between the origi-
nal A axis rotation centerline and the original C axis
rotation centerline,

aa_g, fa_g ya_,indicate that Aa_; is tilted from Ca_,
with a rotation error ca_; around the X axis, a
rotation error a_g, around the Y axis, and a rotation
error ya_, around the 7 axis, respectively, and

n, ,is a direction vector of Aa_,,

Mc_,is a matrix that rotates, by —c, around the vector n._,
indicative of the direction of Ac_; observed when A=0,
and

Ma_is a matrix that rotates, by —a, around the vectorn,_,
indicative of the direction of Aa_,.

2. A translation/rotation error compensation amount cre-
ating device for creating, for a multi-axis machining appa-
ratus having at least two rotation axes, a translation error
compensation amount and a rotation error compensation
amount both depending on the rotation axes, the translation/
rotation error compensation amount creating device com-
prising:

an assembly error setting section configured to preset an
assembly error including at least an assembly error in
a table surface or an assembly error in a spindle turning
centerline in the multi-axis machining apparatus;

a translation/rotation error compensation amount calcu-
lating section configured to calculate
the translation error compensation amount by a first

arithmetic expression based on the assembly error

and positions of the two rotation axes, and

the rotation error compensation amount by a second

arithmetic expression for solving an equation based

on

a correct direction vector of the table surface or the
spindle turning centerline based on the positions
of the two rotation axes,

the rotation error compensation amount,

the assembly error, and

an actual direction vector of the table surface or the
spindle turning centerline based on the positions
of the two rotation axes; and

a translation/rotation error compensation amount input
section configured to input the calculated translation
error compensation amount and the rotation error com-



US 9,448,551 B2

21

pensation amount to a translation error compensation
amount and rotation error compensation amount data
table in a numerical controller controlling the multi-
axis machining apparatus,

wherein

the multi-axis machining apparatus is a tool head rotating
multi-axis machining apparatus,

the translation/rotation error compensation amount creat-
ing device is configured to convert the assembly error
in the spindle turning centerline in the tool head rotat-
ing multi-axis machining apparatus into the translation
error compensation amount and the rotation error com-
pensation amount both depending on the rotation axes,

the two rotation axes include an A axis and a C axis,

the first arithmetic expression for calculating the transla-
tion error compensation amount (AXR, AYR, AZR)
corresponding to a position (a) of the A axis and a
position (c) of the C axis is as follows:

AXR

AYR |=Mc yiMa’ 4 (0s_y — a_p) + da_y — bc_y} — ey

AZR

—(0sx_py — Sex_p)eos(c) + {(Ssy_y — Say_g )cos(a) —
(057 — Oaz_py)sin(a) + (Say_pg — Scy_g)isin(c) — Sex_y
=| —(dsx_pg —Ocx_p)sin(c) + {—(Osy_y — day_p)cos(a) + |,

(J52 — Saz_pp)sin(a) — (Bay_y — Scy-p)}eos(c) = 6cy_p
—(8sy_y — Say_g)sin(a) — (0sz-y — dazg_p)cos(a) + Saz_y

and

the second arithmetic expression for calculating the rota-
tion error compensation amount (AIR, AJR, AKR) is as
follows:

{Ps_p — Pa_p (1 = cos(a)) + ya_ysin(a)lcos(c) + {as_ycos(a) +
sin(a)}sin(c) +{Bc_g (1 — cos(c)) — ae_gsin(c)}cos(a)
1Ps_y — Pa_py(1 = cos(a)) + ya_ysin(a)}sin(c) —{as_ycos(a) + | =
sin(a)}cos(c) + {—ac_y (1 — cos(c)) — fe_ysin(c)}cos(a)

—{—ac_p(1 —cos(c)) + Pe_psin(c)}sin(a) — ws_gsin(a) + cos(a)

sin(c)sin(a) — AK Reos(c)sin(a) — AJ Reos(a)
—AK Rsin(c)sin(a) — cos(c)sin(a) + AlRcos(a) |,
AJ Rsin(c)sin(a) + AlRcos(c)sin(a) + cos(a)
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where
an error in a displaced spindle turning centerline As_,,
with respect to an original spindle turning centerline

Cs_j; is as follows:

OSX_z, OSY_pp 08Z_;; are an X component, a Y compo-
nent, and a Z component, respectively, of a deviation
distance between As_; and Cs_, observed when A=0
and C=0 and corresponding to Co_, that is an
intersecting point between an original A axis rotation
centerline Ca_,, and an original C axis rotation cen-
terline Cc_g,

OS_z, PS_zp YS_z indicate that, when A=0 and C=0,
As_,, is tilted from Cs_,, with a rotation error as_g,
around an X axis, a rotation error f§s_ around a Y
axis, and a rotation error ys_g around a Z axis,
respectively, and

ng 5 is a direction vector of As_,,

an error in a displaced C axis rotation centerline Ac_g
with respect to the original C axis rotation centerline

Cc_,, is as follows:

OCX_gzy, OCY_gy, OcZ_g; are the X component, Y compo-
nent, and Z component, respectively, of a deviation
distance between Ac_,, and Cc_j observed when
A=0 and corresponding to Co_, that is the intersect-
ing point between the original A axis rotation cen-
terline and the original C axis rotation centerline,

ac_z, Pe_gp, ye_g indicate that, when A=0, Ac_, is tilted
from Cc_,, with a rotation error ac_, around the X
axis, a rotation error fc_, around the Y axis, and a
rotation error yc_,, around the Z axis, respectively,
and

N, g is a direction vector of Ac_,

an error in a displaced A axis rotation centerline Aa_,, with
respect to the original A axis rotation centerline Ca_, is
as follows:

daxX_g,, 0ay_g, daz_g are the X component, Y compo-
nent, and Z component, respectively, of a deviation
distance between Aa_,, and Ca_j, corresponding to
Co_,, that is the intersecting point between the origi-
nal A axis rotation centerline and the original C axis
rotation centerline,

aa_g, Pa_g, va_, indicate that Aa_, is tilted from Ca_,
with a rotation error ca_g around the X axis, a
rotation error Pa_g around the Y axis, and a rotation
error ya_,, around the Z axis, respectively, and

n, , is a direction vector of Aa_,

Ma_,, is a matrix that rotates, by a, around the vector n, ,,
indicative of the direction of Aa_, and

Mc_,, is a matrix that rotates, by ¢, around the vector n. ,,
indicative of the direction of Ac_, when A=0.
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